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CONVERSION FACTORS AND VERTICAL DATUM
Multiply by To obtain
Length
inch (in.) 25.4 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 - kilometer
Area
acre 4,047 square meter
square foot (ft?) 0.09290 square meter
square mile (mi?) 2.590 . square kilometer
|
Volume |
gallon (gal) 3.785 - liter
million gallons (Mgal) 3,785 - cubic meter
cubic foot (ft3) 0.02832 cubic meter
million gallons per 1,460 cubic meters per
square mile (Mgal/mi?) | square kilometer
F1ow
foot per second (ft/s) 0.3048 meter per second
foot per day (ft/d) 0.3048 meter per day
gallon per minute (gal/min) 0.06309 .+ liter per second
million gallons per day 0.04381 ' cubic meter per second
(Mgal/d) |
Hydraulic Conductivity :
foot per day (ft/d) 0.3048 meter per day
Transmissivit
foot squared per day (ft2/d) 0.09290 meter squared per day

Temperature

For temperature conversions between degrees Celsius (°C) and degrees
Fahrenheit (°F), the following formulas may be used:

°C

°F

5/9 x (°F - 32)
(1.8 x °C) + 32

Sea level: 1In this report "sea level" refers to the National Geodetic
Vertical Datum of 1929 (NGVD of 1929)--a geodetic datum derived from a
general adjustment of the first-order level nets of both the United States
and Canada, formerly called Sea Level Datum of 1929.
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GROUND-WATER RESOURCES OF RHODE ISLAND

By Elaine C. Todd Trench

ABSTRACT

This general-interest report appraises the occurrence, source, flow,
and quality of ground water in Rhode Island. Ground water, withdrawn from
all major geologic units in Rhode Island, provided drinking water for about
one-fourth of the State's population in 1985.

Ground water, mostly unconfined, is found in unconsolidated glacial
til1l and stratified drift and in the underlying fractured bedrock. Thick
deposits of stratified sand and gravel are the most productive aquifers in
the State for public supply. Most private wells tap bedrock aquifers.

Ground water flows from upland recharge areas toward valley discharge
areas. Most of the land surface is a recharge area. Large-capacity wells,
located in permeable sediments near streams, commonly induce surface water
to flow from streams into aquifers.

Concentrations of dissolved solids in ground water are generally less
than 200 milligrams per liter, as compared to the National Secondary
Drinking-Water Regulation of 500 milligrams per liter. Natural contaminants
include iron, manganese, and radon. Withdrawals in coastal areas have
caused saltwater intrusion.

Waste-disposal sites, industrial spills, leaking underground storage
tanks, road salt, agricultural chemicals, and septic systems have
contaminated ground water at some locations with metals, nitrate, bacteria,
radionuclides, excessive concentrations of common ions, and more than 50
synthetic organic chemicals and petroleum products. Contamination by
volatile organic compounds has been the major cause of public-well closings.

The rural Pawcatuck River basin contains nine high-yield stratified-
drift aquifers. Southeastern Rhode Island, covered by clayey till, has no
major aquifers. Stratified-drift aquifers in urbanized northeastern Rhode
Island have a large potential yield but many water-quality problems. Rural
western areas depend on ground water.



|
INTRODUCTION |

The Importance of Ground Water

The earth's water resources include saltwater and freshwater.
Saltwater constitutes about 94 percent of thﬁ total volume. The remaining
6 percent is freshwater, which is distributed among the following sources,
in descending order of total volume:

Ground water

Ice caps and glaciers
Lakes, swamps, reservoirs, and}river channels
Soil moisture

Water in the atmosphere

Water contained in plants and animals

* o b % % %

If ice caps and glaciers are excluded, then ground water accounts for almost
all of the world's freshwater (Freeze and Cherry, 1979, p. 5).

Nat1ona11y, ground water accounted for 35 percent of all freshwater
used in 1985, excluding freshwater used for thermoelectric power generation
(Solley and others, 1988, p. 65, 67). Ground water supplied between 16 and
30 percent of the freshwater used in 1985 in the six New England States.

Ground water is an abundant resource in Rhode Island. It has been
widely used since colonial times, when it was withdrawn from springs and
hand-dug wells. In 1985, ground water supplied approximately 18 percent of
the freshwater used for all purposes in the State, including domestic,
industrial, and agricultural uses (Solley and others, 1988, p. 59). Ground
water provided drinking water for 24 percent of the State's residents, and
it was the only source of drinking water for 12 towns. Untapped ground-
water resources are available in several areas of the State.

Ground water in Rhode Island is generally suitable for human
consumption and other uses that require high-quality water; however, ground-
water contamination in Rhode Island and nationwide has increased public
awareness of the risks to drinking-water supplies. Contaminants from a
variety of sources have affected private and public ground-water supplies in
Rhode Island.

|
Citizens understandably want safe drinking water. Information about

ground-water resources can help citizens in their efforts to prevent
contamination. The U.S. Geological Survey's mission is to collect,
interpret, and disseminate geologic and hydrologic information that
contributes to the wise management of the Nation's natural resources and
promotes the well-being of its people (U.S. Geological Survey, 1986, p. 2).
The Rhode Island Department of Environmental Management (RIDEM) is the
regulatory agency responsible for developing a ground-water protection
program for the State. The complementary respons1b111t1es of RIDEM and the
U.S. Geological Survey led to the cooperat1ve\pr03ect that has produced this
report.

\



Purpose and Scope of the Report

This report provides Rhode Island's citizens with a broad overview of
the State's ground-water resources and ground-water-contamination problems.
The intended audience includes interested citizens, teachers, State and
local government boards and agencies, and private organizations involved in
water-resources issues.

The following questions were posed in developing the report:

What is the importance of ground water in Rhode Island?

What is ground water?

Where does it come from?

Where does it go?

How does ground water become contaminated?

Where are the major ground-water resources and contamination
problems in Rhode Island?

* % A % % *

The geographic area covered in the report includes Rhode Island and
nearby parts of Connecticut and Massachusetts. Many of the concepts
presented are also applicable to other areas within the glaciated
northeastern United States.

The report presents the basic concepts of ground-water hydrology and
describes the occurrence, source, flow (or movement), and quality of ground
water in Rhode Island. Some complex ground-water problems that are
frequently matters of interest and responsibility at the local level also
are discussed. Technical concepts are applied to the major features or
problems of individual drainage basins and other regions in the State.

These concepts are presented in nontechnical language wherever possible, and
technical terms that are used are explained in the text and defined in a
glossary at the back of the report.

References are provided for interested readers who desire detailed
hydrogeologic information for specific locations. Many of the references
listed are available for inspection or distribution at the Rhode Island
Office of the U.S. Geological Survey. Other publications are available from
publishers and from the U.S. Government Printing Office.

Previous Studies

Numerous technical and nontechnical publications on ground-water
resources and ground-water contamination provided background for the
concepts presented in this report. A partial 1ist includes Morrissey
(1989), Harrison and Dickinson (1984), U.S. Environmental Protection Agency
(1984a), U.S. Geological Survey (1984), Heath (1983), Pye and others (1983),
Todd (1980), Freeze and Cherry (1979), Handman and others (1979), Cohen and
others (1968), Baldwin and McGuinness (1963), Langbein and Iseri (1960), and
Meinzer (1942; 1923). Publications on Rhode Island's water resources were
consulted for information on local ground-water resources and contamination
problems.

Statewide reports on the ground-water resources of Rhode Island include
those by Lang (1961) and Allen (1953). Information on ground-water
contamination problems in Rhode Island is summarized by the Rhode Island
Department of Environmental Management (1988), and by Johnston and Bariow
(1988); specific incidents are described in numerous other publications.
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PHYSICAL AND CULTURAL SETTING

area of 1,028 square miles. The State 1ies within two major physiographic
sections of the New England province (Fenneman, 1938). The northwestern
part of the State is in the New England Upland section, where altitudes
generally range from 400 to 800 feet. Southern and eastern parts of the
State are in the Seaboard Lowland section, an area of flat or gently rolling
land that includes coastal areas, Narragansett Bay, and the Bay islands.
Altitudes in the Seaboard Lowland section are generally less than 500 feet;
swamps, ponds, and small lakes are numerous.

Rhode Island (fig. 1) is in southeasternLNew England and has a land

Despite its small size, Rhode Island has regions with distinct physical
and cultural differences. The Blackstone, Pawtuxet, and Pawcatuck Rivers
are the largest rivers in the State (fig. 1). The Blackstone and Pawtuxet
Rivers have played a major role in the industrial development of the State
for more than 200 years, as is reflected in the urban character of
northeastern Rhode Island. Narragansett Bay and its resources dominate the
landscape and the economy of the eastern third of the State. Woodlands and
agricultural land form the landscape of the Pawcatuck River basin in
southwestern Rhode Island. The southwestern coast, with its coastal ponds
and long barrier beaches, is an important natural and recreational area.
Hilly western parts of the State are mostly undeveloped.
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Water Use in the 1980's

Fresh surface water and ground water are used by Rhode Island residents
for drinking and other purposes. Surface-water sources include streams,
lakes, ponds, and artificially impounded reservoirs. Ground water is
withdrawn from wells and also is obtained from springs at some locations.

Total freshwater use in Rhode Island averaged 147 million gallons per
day in 1985 (Solley and others, 1988, p. 59). Water use is shown in figure
2 for various categories of use. Rhode Island's 39 cities and towns and
their sources of water in 1985 are shown in figure 3.

Daily use of surface water in 1985 averaged approximately 120 million
gallons and use was concentrated in the northeastern and eastern parts of
the State (fig. 3). Public supplies accounted for about 84 percent of the
surface water used (Solley and others, 1988, p. 13). Drinking water for 76
percent of the State's 968,000 residents was provided by surface-water
sources, including the Scituate Reservoir system, which provided water for
half of the State's population (Solley and others, 1988, p. 13, 17; H.E.
Johnston, U.S. Geological Survey, written commun., 1988).
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Ground-water withdrawals averaged approxﬁmate]y 27 million gallons per
day in 1985, and were distributed among the following uses (fig. 2):

Public supply----=--=--ccceco- 56 percent
Domestic (self-supplied)--=------ 21 percent
Industrial (self-supplied)------- 16 percent
Agricultural (self-supplied)----- 7 percent

Ground-water sources provided drinking water for 236,000 residents, or
24.4 percent of the total population in 1985 (Solley and others, 1988, p.
13, 17). About 152,000 people, or 16 percent of the population, used ground
water from public water systems, and another 84,000 people, or 9 percent of
the population, were served by private wells. Eighteen cities and towns
used ground water for some or all of their public supply in 1985 (fig. 3).
The city of Pawtucket, which supplies water to Central Falls, has public-
supply wells that were not used in 1985.

The southern and western parts of Rhode Island rely most heavily on
ground water (fig. 3). Ground water was the only source of public or
private drinking water for 12 towns in 1985. |Ground water is used
throughout the State, however, and public or private wells serve people and
industries in at least 35 of the State's 39 cities and towns (fig. 3).

Population Growth and Ground-Water Development

Rhode Island ranked second in population density among the 50 States in
1985 (Rhode Island Department of Administration, 1989). The population of
Rhode Island grew from 604,000 in 1920 to 968,000 in 1985 (Rhode Island
Department of Economic Development, 1987, p. 28, 35).

In the early part of the 20th century, the population was concentrated
in a few cities. In 1920, the city of Providence accounted for almost 40
percent of the State's population. Providence, Pawtucket, and Woonsocket
(fig. 3), the State's three largest cities in 1920, accounted for about 57
percent of the population (Rhode Island Department of Economic Development,
1987, p. 35). Since World War II, the population has grown dramatically in
formerly rural areas. A comparison of population data for 1970 and 1985
shows that suburbs and rural towns have the fastest growth rates in the
State (Rhode Island Department of Economic Development, 1987, p. 28, 31).
In 1985, Providence, Pawtucket, and Woonsocket accounted for only 28 percent
of the total population (Rhode Island Department of Economic Development,
1987, p. 28). Suburban growth has stimulated the use of ground water,
initially from private wells in sparsely settled areas and eventually from
public-supply wells as residential densities have increased.

Effects of Land Use on Ground-Water Quality

Most of the ground-water contamination in Rhode Island has been caused
by human activities at or near the land surface. Recent studies in
Connecticut also indicate that subtle changes| in ground-water quality can
commonly be related to land use (Grady and Weaver, 1988). Rhode Island's
surface water and ground water are interconnekted bodies of freshwater, and
the water quality of one can affect the quality of the other. Consequently,
some land-use and waste-disposal practices may contaminate surface water and
ground water.



Generalized land use and projected changes in Rhode Island are shown in
figure 4 for the period 1960-2010. Land-use percentages shown are
approximate because of changes in planning assumptions and differences in
definitions of land-use categories.

Undeveloped land, including woodland, agricultural land, open land,
conservation and recreation land, and wetland, covered 82 percent of the
State in 1960 (fig. 4) (Rhode Island Statewide Planning Program, 1975, table
33, p. 133). Undeveloped land accounted for 62 percent of the State's land
in the mid-1980's, and it is projected to decrease to 55 percent of the
total land area by the year 2010 (fig. 4) (Rhode Island Department of
Administration, 1989, p. 5.29). The undeveloped-land category includes some
low-density development, primarily residential areas with house lots of 5
acres of more (Grace Beiser, Rhode Island Department of Administration, oral
commun., 1989).

Residential land use has increased dramatically, growing from 8 percent
of the State's land area in 1960 to 15 percent in 1975 (fig. 4). A large
amount of additional development, particularly in rural communities, has
taken place since 1975, but accurate acreage figures are unavailable for the
mid-1980's (fig. 4) (Rhode Island Department of Administration, 1989, p.
5.5). Residential land is projected to encompass approximately 30 percent
of the State in 2010 (fig. 4).

As more of the State's rural and forested land is developed, ground-
water quality will probably change and the potential for contamination will
increase in these areas. Desirable locations for residential, commercial,
industrial, or agricultural development commonly overlie sources of abundant

ground water.
EXPLANATION
[ Undeveloped land Developed land
(nonresidential)
Developed land &3 Al developed land
(residential) (mid-1980's)

1960 1975

",

>‘
g

Figure 4.--Generalized land use and projected changes in Rhode Island
for the period 1960-2010. (Sources: Data from Rhode Island
Statewide Planning Program, 1975, table 33, p. 133; and Rhode Island
Department of Administration, 1989, table 121-5 (12), p. 5.21; table
121-5 (13), p. 5.22; p. 5.29. Compiled by E.C.T. Trench and R.W.
Bell, U.S. Geological Survey.) .



THE OCCURRENCE OF GROUND WATER IN ROCKS AND SEDIMENTS

Ground water fills the pore spaces, fractures, and cavities in the
sediments and rocks of the Earth's crust. Ground water is present below the
land surface everywhere in Rhode Island, although the quantity available for
use differs considerably from place to place.

Vertical Distribution of UndLrgr0und Water

Underground water occurs in the unsaturated zone and the saturated zone
(fig. 5) The land surface is the upper boundary of the unsaturated zone,
which in Rhode Island generally ranges in thickness from a few inches to as
much as 40 feet. Within the unsaturated zone, pore spaces and fractures in
the earth materials contain variable amounts of air and water, and the fluid
pressure in any water present is less than atmospheric pressure.

[~ Surface water X

zZoNne

unsaturatred

\
& Saturated zong —I——

/\/of 70 SCdJ&

Figure 5.--Zones in which subsurface water is found in Rhode Island.
(Source: Modified from Heath, 1983, p. 4.)
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The unsaturated zone includes the soil zone and the intermediate zone
(fig. 5). The soil zone contains organic matter and supports plant life.
The intermediate zone, formed of unconsolidated materials or rock, is less
biologically active than soil and does not commonly contain organic matter.

In the saturated zone, located beneath the unsaturated zone (fig. 5),
all pore spaces and fractures are filled--or saturated--with water, and the
fluid pressure is greater than atmospheric pressure. The water within the
saturated zone is referred to as ground water. The irregular upper surface
of the saturated zone is called the water table (fig. 5). The position of
the water table is indicated by the level at which water stands in unused
shallow wells (fig. 5). The water table is within 20 feet of the land
surface in most parts of Rhode Island, but may be as deep as 40 feet. The
water table is generally deeper on hilltops and closer to the land surface
in valleys (fig. 5). In some low-lying areas, the water table may be at or
very near the land surface during all or most of the year, in which case the
unsaturated zone is thin or absent and the land surface is swampy.

The transition from the unsaturated zone to the saturated zone is not
always sharply defined. Capillarity, the tendency for a liquid to cling to
the surface of a solid material, draws water up from the saturated zone into
the unsaturated zone and forms a capillary fringe (fig. 5) (Leopold and
Langbein, 1960, p. 6; Heath, 1983, p. 16). The capillary fringe and the
5?11 zone may overlap where the water table is near the land surface (fig.
5).

Water is held in the capillary fringe by surface tension. In fine-
grained materials such as silt, pore spaces are very small, surface-tension
forces predominate, and the capillary fringe may be several feet thick. In
coarse-grained materials such as sand and gravel, pore spaces are large, the
force of gravity predominates, and the capillary fringe may be only a few
inches thick or may be absent.

Earth Materials and their Water-Bearing Characteristics

Local geology determines the availability of ground water in Rhode
Island. Earth materials differ widely in their capacity to store, transmit,
and yield water. MWater-bearing characteristics are governed by the nature
of the pore spaces or fractures within the material and by the extent and
thickness of the material. Thus, knowledge of earth materials is necessary
to locate, develop, and protect ground-water supplies. An understanding of
ground water in Rhode Island requires information on the characteristics and
distribution of the earth materials that underlie the State.

Major Types of Earth Materials

Water-bearing earth materials include sediments and consolidated rocks.
Sediments are unconsolidated materials composed mostly of particles and
fragments derived from the disintegration of consolidated rocks. Particles
that form sediments may range in size from clay to boulders (fig. 6A).
Unconsolidated materials are always underlain at some depth by consolidated
rocks, which form the Earth's crust. Consolidated rocks consist of minerals
or rock fragments of various sizes and shapes that have been solidified by
relatively high temperatures and pressures or by chemical reactions.
Consolidated rocks, referred to as "bedrock" in ground-water reports, are
called ledge in the New England vernacular.
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Consolidated rocks can be divided into three major groups--igneous,
sedimentary, and metamorphic--on the basis of their origin. Igneous rocks
form when molten or partially molten material cools and solidifies.
Intrusive igneous rocks, such as granite, solidify at great depths below the
land surface. Extrusive igneous rocks form from lava or volcanic ash
ejected onto the land surface. Most sedimentary rocks form from sediment
transported and deposited by water, ice, or air. These sediments may
gradually become consolidated rocks if they are subjected to deep burial and
compression or chemical changes. Metamorphic rocks are rocks whose
structure and mineral composition have been changed as a result of great
heat and pressure deep beneath the Earth's surface. Metamorphic rocks and
intrusive igneous rocks have many similar characteristics, and they are
often collectively termed “"crystalline" rocks.

Granite is the most common igneous rock in the State. Common
sedimentary rocks include conglomerate, sandstone, and shale. Gneiss and
schist are common metamorphic rocks. Most unconsolidated materials in Rhode
Island, as in the rest of New England, are glacial sediments.

Storage Properties

An earth material's capacity to store water is determined by its
porosity. Most sediments and consolidated rocks near the Earth's surface
contain pore spaces or fractures. A material's porosity is the ratio of
openings (pores) to the total volume of the rock or sediment. The more
porous the material, the greater its ability to store water. Earth
materials differ widely in the size and arrangement of their water-bearing
openings and, consequently, in the amount of water they can store. Typical
arrangements of water-bearing openings in Rhode Island's major rocks and
sediments are shown in figure 6.

Primary openings are the pore spaces that form at the time the rock or
sediment forms, such as the pores between the grains in sand, gravel, or
other sediments (fig. 6B). Sediments usually have a large volume of primary
openings. Consolidation, compaction, and chemical changes tend to reduce
the size and number of the primary pore openings in older rocks.

Crystalline rocks, formed at depth under great pressures, do not have many
primary openings.

Secondary openings, such as the fractures in granite, form after the
rock becomes solid. Most ground water in Rhode Island bedrock occurs in
fractures that are secondary openings (fig. 6C).

If all pore spaces and fractures in a sediment or rock are filled with
water, the material is said to be saturated. Porosity indicates the maximum
amount of water that a unit volume of material can contain when it is
saturated; however, only some of this water is available to supply a well.
When water drains from a rock or sediment, surface tension causes some water
to be retained as a film on rock surfaces and in very small openings.
Specific yield refers to the proportion of water that drains from the
material under the influence of gravity.

Different materials have characteristic values of porosity and specific
yield (Heath, 1983, p. 9). For example, sand, gravel, and clay are all very
porous. Water drains easily from coarse sand and gravel, which have
somewhat rounded grains with large pore spaces between grains. These
materials have a high specific yield and thus yield water readily to wells.
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Clay, on the other hand, has very fine grains.

In the microscopic pore

spaces between clay particles, surface-tension forces that retain water
predominate over the influence of gravity.
clay has a low specific yield. Gardeners can' recognize this principle in
the way that sandy soil drains quickly after rain, whereas clayey soil

retains water.

In spite of its high porosity,

The amount of water stored in a geologic formation is determined by the
porosity of the material and the volume of the formation below the water
table. A formation is an identifiable unit of the Earth's crust, such as a
particular type of bedrock or a deposit of sand and gravel. Saturated
thickness is the thickness of the formation below the water table (fig. 7).

The greater the saturated thickness, the grea
storage and the greater the potential value o
water. The variable saturated thickness of a
shown in figure 7. Saturated thickness typic
in major sand and gravel deposits of Rhode Is
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Transmitting Properties

Ground water flows through some materials more easily than through
others. Hydraulic conductivity is a precisely defined, quantitative measure
of the capacity of a unit volume of material to transmit water under a
standard set of conditions (fig. 7). Hydraulic conductivity is determined
by the size and arrangement of pores or fractures and by the characteristics
of the water. Measurement of hydraulic conductivity enables comparison of
the water-transmitting properties of different earth materials from
different places. A numerical value of hydraulic conductivity does not
represent the actual rate at which water moves through the material in
nature, although it can be used in conjunction with other measurements to
calculate that rate.

In qualitative terms, it is common to refer to a sediment or rock as
“permeable" if it has a high hydraulic conductivity and “impermeable" if it
has a very low hydraulic conductivity. Coarse-grained materials such as
sand and gravel are highly permeable, whereas fine-grained materials such as
silt and clay and unfractured crystalline bedrock are nearly impermeable.

Earth materials are not typically uniform and homogeneous.
Consequently, hydraulic conductivity differs from place to place within the
same material. The hydraulic conductivity of an earth material may also
differ in different directions. Sediments are often more permeable in the
horizontal direction than in the vertical direction. In this report,
hydraulic conductivity refers to horizontal hydraulic conductivity unless
otherwise specified.

The following values of hydraulic conductivity have been estimated or
measured for sediments from selected locations in Rhode Island (Allen and
others, 1963, p. 8-10; Rosenshein and others, 1968, p. 10).

Material Hydraulic conductivity
(feet per day)

Gravel-----memmmm e 470

Sand and gravel---—---—-—---- 200

Sand---c-cm o 110

Fine sand--------——-—ccu-- 55

Clay and silt--—cccmmcmaeao 0.4

Til e mmmm e 1.2

Hydraulic conductivity is expressed here in units of feet per day, a
shorthand form for cubic feet of water per day per l-square-foot cross-
section of material.

Transmissivity is the capacity of a unit width of a formation to
transmit water (fig. 7). It is equal to the hydraulic conductivity of the
material, as measured in the horizontal direction, multiplied by the
saturated thickness of the formation. For example, a sand and gravel
deposit with a saturated thickness of 70 feet and an average hydraulic
conductivity of 200 feet per day would have a transmissivity of 14,000 feet
squared per day. Because the saturated thickness and the hydraulic
conductivity of a formation may differ from place to place, transmissivity
may differ considerably within a small geographic area.
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Transmissivities ranging from 5,000 to 39,000 feet squared per day have
been calculated for two major sand and gravel deposits in the Pawcatuck
River basin (Dickerman and Ozbilgin, 1985, p. 32-33; Johnston and Dickerman,
1985, p. 36). Methods used to calculate the transmissivity of sand and
gravel deposits at various locations in Rhode Island are discussed by
Dickerman (1984) and Lang and others (1960).

Aquifers, Semiconfining Units, and Confining Units

Earth materials in Rhode Island can be classified as aquifers,
semiconfining units, or confining units based on their water-bearing
characteristics. A formation or group of formations of either rock or
sediments that will yield water in a usable quantity to a well or spring is
known as an aquifer. An aquifer has economic value as a source of water
supply. In contrast to aquifers, confining units are nearly impermeable. A
confining unit restricts the movement of ground water either into or out of
adjacent aquifers. Semiconfining units are typically materials of
intermediate permeability. Semiconfining units slow down the movement of
ground water but do not prevent movement. Such units are sometimes referred
to as "leaky", and they are much more common ithan true confining units in
Rhode Island.

Thick, saturated deposits of sand and gravel have high specific yields,
hydraulic conductivities, and transmissivities. These sediments yield water
readily to wells and are the most productive aquifers in Rhode Island.
Layers of very fine sand, silt, or clay are much less permeable; they form
semiconfining or confining units within unconsolidated materials at some
locations in the State. A sand and gravel aquifer with lenses and layers of
silt and very fine sand is shown in figure 8.

Not fo Scale

Figure 8.--Unconfined, semiconfined, and confined conditions in a sand
and gravel aquifer with lenses and layers of very fine sand and siit.
Perched ground water is shown above the main zone of saturation.
Locations A through F are discussed in text.
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Whether a rock or sediment is considered an aquifer, a semiconfining
unit, or a confining unit may depend on the abundance or scarcity of other
sources of water supply. Fractured bedrock might be considered an
unproductive source in an area of abundant sand and gravel deposits;
however, bedrock is an important aquifer in many rural areas of Rhode Island
where no other sources of water supply are available.

The water-bearing properties and distribution of earth materials
determine whether ground water is unconfined, confined, or semiconfined.
Most ground water in Rhode Island is unconfined. In an unconfined aquifer,
also called a water-table aquifer, water only partly fills the aquifer, and
the water table is free to rise and fall with changes in recharge and
discharge. Unconfined conditions are shown at locations A, B, C, and D in
figure 8.

Ground water is confined where water completely fills an aquifer that
is overlain by a confining unit, such as at location F in figure 8. The
confined ground water in the aquifer is under pressure that is substantially
greater than atmospheric pressure. Such an aquifer is termed a “confined
aquifer" or "artesian aquifer." Wells tapping a confined aquifer are
sometimes termed "artesian wells." Water in an artesian well rises to a
level above the top of the aquifer, but not necessarily above the land
surface. If the water in a well does rise above the land surface, the well
is referred to as a flowing well. True confined conditions are uncommon in
Rhode Island.

Semiconfined conditions, represented by location E in figure 8, are
moderately common in the unconsolidated materials of Rhode Island.
Typically, the semiconfining units are thin, small in area, or composed of
somewhat permeable materials.

In some places, confining units prevent downward percolation of water.
The result is a thin, local saturated zone separated from the main zone of
saturation. This situation, referred to as perched ground water, is shown
at location A in figure 8. Perched ground water is common on Block Island.

Aquifers in Rhode Island

Rhode Island is part of the Northeast and Superior Uplands ground-water
region, which includes most of New England and parts of other northeastern
States (Heath, 1984, p. 48). In this region, unconsolidated glacial
deposits overlie fractured bedrock (fig. 9).

The geologic history of Rhode Island's bedrock is complex and includes
episodes of sedimentary deposition, volcanic activity, intrusion of molten
rock, metamorphism, folding, faulting, uplift, and erosion (Quinn, 1976;
Boothroyd and Hermes, 1981). Bedrock in Rhode Island ranges from
approximately 200 million years old to more than 500 million years old
(Quinn, 1971, p. 51-52).
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During the Pleistocene Epoch, or Great Ice Age, continental glaciers
intermittently covered much of northern North America. From about 22,000 to
12,000 years ago, the most recent continental glacier spread out from
eastern Canada, covered New England, and then melted northward (Stone and
Borns, 1986, chart 1). When the ice sheet reached its maximum size, ice
over much of Rhode Island was probably about 4,000 to 5,000 feet thick (B.
D. Stone, U.S. Geological Survey, oral commun., 1989). This ice sheet
eroded the bedrock surface and deposited sediments, forming many of the
familiar features of today's landscape. Glacial deposits in Rhode Island
are approximately 16,000 to 21,000 years old (Stone and Borns, 1986, chart
1).

The two major types of deposits left by the glacier are till and
stratified drift. Sediments deposited since the melting of the ice sheet,
such as sand dunes, beaches, and swamp deposits, are relatively minor.

Glacial deposits and the underlying bedrock form an interconnected
aquifer system (fig. 9). The generalized distribution of major aquifers in
Rhode Island is shown in figure 10. At least small quantities of ground
water are available virtually everywhere in the State, and ground water is
withdrawn from all of the major water-bearing units (fig. 11).

Stratified Drift

Stratified drift is a sorted sediment laid down by meltwater streams
from a glacier or deposited in glacial lakes. It includes gravel, sand,
silt, and clay deposited in layers of similar or mixed grain size (fig. 6B).

Running water tends to "sort" sediments according to grain size because
different stream velocities are capable of carrying different sizes of
particles in suspension. Rapidly flowing streams transport and deposit the
largest pebbles and cobbles. In streams of moderate velocity, sand and
gravel may be deposited. In lakes, fine silt and clay particles gradually
settle to the bottom.

Glacial streams are dynamic sedimentary environments. Wide variations
in stream velocity may be caused by the alternate melting and freezing of
glacial ice resulting from seasonal or even daily temperature fluctuations.
Thus, the area and thickness of layers and the extent of sorting in a
stratified-drift deposit commonly are variable. Generally, sediments
deposited near the glacier are coarser in texture and less well sorted than
the sediments, referred to as outwash, that are deposited farther downstream
from the glacier's margin (fig. 12). Some sediments are deposited on the
ice, within tunnels in the ice, or around stagnant blocks of ice. When the
ice melts, these ice-contact deposits collapse, further complicating the
sedimentary picture (fig. 12).
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Figure 10.--Generalized distribution of major}aquifers in Rhode Island.
Bedrock underlies the entire State, and is an aquifer everywhere except on
Block Island, where it is 1,000 feet below sea level. Crystalline bedrock
underlies most areas outside the Narragansett Basin. (Sources:
Narragansett Basin boundary from Frimpter and Maevsky, 1979, p. 3, fig. 2.
Distribution of glacial deposits compiled by the University of Rhode
Island Environmental Data Center from State reports published in
cooperation with the U.S. Geological Survey.)
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Figure 11.--Types of wells used in Rhode Island, in their common

hydrogeologic settings. Nonpumping conditions shown. Typical depths
for hypothetical wells shown: dug and driven wells, 15-30 feet;
gravel-packed wells, 50-60 feet; drilled wells, 150-250 feet.
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Stratified-drift deposits in Rhode Island, as in the rest of southern
New England, were laid down primarily as the glacier retreated northward by
melting. Stratified drift fills most major stream valleys (figs. 9, 10), as
well as many tributary stream valleys. Extensive outwash plains form sandy
lowlands bordering upper Narragansett Bay and Block Island Sound (fig. 10).
In most places, the stratified drift overlies a layer of till (fig. 9) but
elsewhere lies directly on the bedrock surface.

A cap of wind-blown silt and sand 3 to 5 feet thick, deposited after
the glacier melted, covers stratified-drift deposits in many areas of
southeastern New England (Schafer and Hartshorn, 1965, p. 124). Soils
developed in this silt cap are the region's most productive agricultural
soils (A.J. Gold, University of Rhode Island, oral commun., 1989).

Altogether, stratified-drift deposits cover about one-third of the
State's land surface (fig. 10). Because of the flat terrain and easily
excavated material, land underlain by stratified drift is often considered
desirable for the construction of housing developments, industrial parks,
and highways.

Stratified drift typically ranges in thickness from a few feet in small
deposits or along the edges of large deposits to 100 feet or more in several
large stream valleys. The maximum known thickness in the State is in the
E11is Flats area between the Wood and Pawcatuck Rivers, where more than 300
feet of stratified drift blankets the bedrock.

Thick deposits of coarse-grained stratified drift form the State's most
important aquifers. The Rhode Island Water Resources Board (RIWRB) has
identified 21 stratified-drift aquifers that have the best potential of all
aquifers in the State for yielding large amounts of water (fig. 13). These
high-yield aquifers, termed "ground-water reservoirs" by the State, are
stratified-drift deposits with transmissivities equal to or greater than
4,000 feet squared per day and saturated thicknesses equal to or greater
than 40 feet (W.B. Allen, Rhode Island Water Resources Board, written
commun., 1978). Some ground-water reservoirs have been investigated more
intensively than others, and the acquisition of new data could alter the
boundaries of ground-water reservoirs shown in figure 13. The ground-water
reservoirs represent a small part of the total area underlain by stratified
drift (fig. 10).

Major public-supply wells tap many of the ground-water reservoirs.
Yields of wells range from 100 to 700 gallons per minute in the thick,
permeable parts of the stratified drift, and may exceed 1,500 gallons per
minute in the thickest, most permeable areas (Johnston, 1985, p. 374). A
yield of 700 gallons per minute, or approximately 1 million gallons per day,
is typical of public-supply wells in Rhode Island.

Rhode Island's stratified-drift deposits also include layers of clay,
silt, and silty sand deposited in lakes that formed during the melting of
the glacial ice (fig. 12). These fine-grained sediments have low hydraulic
conductivities and do not form productive aquifers. In some places, such as
the southern end of the Chipuxet River valley (fig. 10), silt and clay form
a confining layer over sand and gravel deposits.
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Figure 13.--Distribution of ground-water reservoirs in Rhode Island.
(Source for boundaries of ground-water reservoirs: W.B. Allen, Rhode
Island Water Resources Board, written commun., 1978; modified by
Rhode Island Department of Environmental Management, 1988.)
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TiN

Ti11 is a sediment deposited directly by a glacier (fig. 12). It is
composed of boulders, gravel, sand, silt, and clay mixed in various
proportions, and lacks the layering and sorting typical of water-laid
deposits (fig. 6B). Till, locally called "hardpan," is usually compact,
stony, and difficult to dig. Lodgment till, deposited directly beneath the
base of the slowly moving ice, is generally harder and more compact than
ablation till, formed as the ice sheet melted and particles within the ice
were gradually let down to the ground or deposited along the margin of the
glacier (fig. 12).

Ti11 is the most extensive glacial deposit in Rhode Island (fig. 10),
as in the rest of the glaciated northeastern United States. It was laid
down by the ice as a nearly continuous blanket in the valleys and on
uplands (Heath, 1984, p. 48-49). In most valleys and lowlands, till is
covered by stratified drift, whereas on most hills and hillsides, till forms
a thin, discontinuous veneer on the bedrock (fig. 9). The till surface in
Rhode Island is generally bouldery (J.R. Stone, U.S. Geological Survey, oral
commun., 1989). The thickness of the till is variable, but averages about
20 feet.

Till is a minor aquifer in Rhode Island because of its generally low
permeability and limited saturated thickness. Yields of large-diameter dug
wells in ti11 are commonly less than 2 gallons per minute (Johnston, 1985,
p. 376). Some shallow dug wells in till are still used for household water
supplies in rural parts of Rhode Island; however, many dug wells have been
replaced by wells drilled into the underlying bedrock. Shallow wells in
ti1l are easily contaminated and often yield insufficient amounts of water
for modern household demands. During droughts, such wells may go dry. Till
functions primarily as a storage reservoir that supplies recharge by gravity
drainage to the underlying bedrock aquifers and to downgradient stratified-
drift aquifers.

Mixed Glacial Deposits

An end moraine is a ridge-like accumulation of deposits that forms
along the margin of a glacier if the forward movement of the ice front is
balanced by the melting (ablation) of the ice for a long period of time
(fig. 12). The Block Island and Charlestown moraines in Rhode Island each
accumu]gted during a period of a few hundred years (Stone and Borns, 1986,
chart 1).

The environment of a glacier's margin includes meltwater streams
underneath and on the glacier, temporary ponds in depressions on the
surface, stagnant isolated ice blocks buried in sediment, and deep ice
fractures that accumulate sediment (fig. 12a). The surface of the ice
becomes increasingly irregular as it melts, and sediments accumulating on
the ice collapse or slide onto other sediments in depressions. The
resulting deposits have irregular, hummocky topography and are composed of
distorted layers of ablation till, ice-contact stratified drift, and well-
sorted outwash (fig. 12b) (Kaye, 1960, p. 351-358).
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End moraines in Rhode Island are fragments of long moraines deposited
along the margin of the glacier across several northeastern States during
the retreat of the most recent continental ice sheet (fig. 14). Block
Island is a small fragment of the end moraine that marks the maximum
southward position of the last ice sheet (fig. 14) (Larson, 1982, p. 101-
102). The island is composed of a complicated series of layers of till and
stratified drift. The Charlestown moraine in southern Rhode Island marks a
major position of the ice front during its northward retreat (fig. 14). The
moraine includes some lenses of stratified sand and gravel in a thick
deposit of till. The hummocky belt of ridges|and mounds is 0.5 to 2 miles
wide (figs. 10 and 14) and extends from Westerly to South Kingstown.

Private wells tap moraine deposits in some rural areas. Yield depends
on whether the well taps the predominant till, a lens of fine-grained
stratified drift, or a lens of coarse-grained stratified drift. The
ablation till in moraines is generally less compact, more sandy, and more
permeable than the lodgment till in upland areas. Lenses of fine-grained
stratified drift may form local confining units.

Bedrock

Rhode Island's land surface is underlain by numerous bedrock types
(Quinn, 1971). Most of these rocks belong toione of two major groups.
Sedimentary rocks and metamorphosed sedimentary rocks form a major
structural feature, known as the Narragansett Basin, in the eastern part of
the State (fig. 10). Rocks of the Narragansett Basin underlie Narragansett
Bay, the Bay islands, and mainland areas bordering the Bay, as well as
neighboring parts of Massachusetts. Bedrock in the Narragansett Basin
includes conglomerate, sandstone, shale, some coal, graphite, and slate.
Crystalline rocks, primarily granites, gneisses, and related igneous and
metamorphic rocks, underlie most of the central and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>